This study presents electrospun niobium carbide/carbon (NbC/C) hybrid nanofibers, with an average diameter of 69 AE 30 nm, as a facile precursor to derive either highly nanoporous niobium carbidederived carbon (NbC-CDC) fibers for supercapacitor applications or niobium pentoxide/carbon (Nb 2 O 5 /C) hybrid fibers for battery-like energy storage. In all cases, the electrodes consist of binder-free and free-standing nanofiber mats that can be used without further conductive additives. Chlorine gas treatment conformally transforms NbC nanofiber mats into NbC-CDC fibers with a specific surface area of 1508 m 2 g
Introduction
Energy storage systems with high power and high energy ratings are in high demand for a variety of applications; ranging from mobile devices to power leveling for wind and solar energy installations. 1 In particular, electrochemical energy storage (EES) has emerged as a highly promising and efficient technology. 2 With EES, energy can be stored by several mechanisms, ranging from physical ion electrosorption (electrical double-layer capacitors, EDLCs, also known as supercapacitors) and fast surface redox processes to ion intercalation (batteries). 3, 4 The process of electrical doublelayer formation is a non-faradaic interface mechanism, enabling high specic power and long cycling lifetime, but rather low specic energy. 5 Ion intercalation batteries accomplish charge storage and recovery by faradaic charge transfer between the electrolyte ions and the electrode materials.
6 By this way, high specic energy can be obtained, while the cycling lifetime and power handling are limited by mechanical/structural degradation and diffusion processes through bulk materials. 6 The ultimate goal is to achieve a combination of high power and high energy ratings. This is sought to be achieved by the development of hybrid technologies, such as lithium ion capacitors, 7 and employment of rapid pseudocapacitive materials 8 or redox-active electrolytes.
9,10
A particularly attractive group of electrode materials are binder-free and free standing ber mats. 11, 12 The open-mesh percolated network and the possibility of creating a continuous active material are highly attractive to achieve an improved power performance. Commonly, different precursor materials and electrode architectures are employed when exploring supercapacitor or battery-like systems. The challenge is to satisfy the very different requirements for these two applications:
(1) nanoporous carbon with a highly tailorable and controllable pore size distribution and (2) a redox-active material enabling, for example, rapid and reversible Li-ion intercalation.
Nanoporous carbon bers have been extensively explored for supercapacitor applications, especially those derived from high carbon yield polymers such as polyacrylonitrile (PAN) and polymer blends such as polyvinylpyrrolidone and methylacrylate as pore formers. 13 To achieve a large surface area, physical or chemical activation of such PAN bers can be employed. 13, 14 An alternative approach, which allows more control over the size and size distribution of nanopores, is the selective removal of metal atoms from metal carbide bers. 15 This can be done via thermal treatment with chlorine gas, yielding highly nanoporous carbon (carbide-derived carbon, CDC). 16 So far, this approach has only been employed with electrospun bers of TiC-CDC 12, 17 and SiC-CDC. 18, 19 More detailed work has been carried out on the synthesis of CDC powders, including systems such as NbC, 20 TiC, 21, 22 or B 4 C, 23 with surface areas between 1000 and 3000 m 2 g À1 and pore volumes between 0.5 and 2 cm 3 g À1 .
Carbon hybrid bers containing redox-active materials have been proposed for pseudocapacitors, redox-hybrids, and battery-like energy storage. 24, 25 Different approaches have been reported, including functionalization of carbon bers with quinones, 26 coating with pseudocapacitive oxides (mainly MnO 2 ), 27, 28 and synthesis of composite bers with RuO 2 or NiO. 29, 30 The hybridization of carbon and redox-active materials combines two synergetic aspects: the high electrical conductivity of carbon with the high faradaic charge storage capacity of redox-active materials. The latter oen lack a good electron propagation ability, which makes the presence of a conductive phase mandatory in order to achieve a high power performance. A very promising metal oxide that has not been explored so far for carbon-hybrid bers is niobium pentoxide (Nb 2 O 5 ). Niobium pentoxide presents a high specic energy and power capability related to fast lithium ion intercalation within (110) or (001) planes, depending on the crystal phase. 8, 31, 32 There are several Nb 2 O 5 crystal phases based on octahedrally coordinated niobium atoms and the most common phases are TT-Nb 2 O 5 (pseudohexagonal), T-Nb 2 O 5 (orthorhombic), M-Nb 2 O 5 (tetragonal), and H-Nb 2 O 5 (monoclinic). 33 The monoclinic phase is the most thermodynamically stable (formed above 1000 C), while the TT-phase is the least thermodynamically stable and is formed at lower temperatures (400-500 C).
33
First studies showed that Nb 2 O 5 presents Li-ion intercalation at a potential below 2.0 V vs. Li/Li + , 34 and it was initially explored as a cathode material in secondary lithium batteries using a Li-metal anode. 35 32 or from thin mesoporous lms. 39 However, this approach remains limited with regards to scalability.
Our work presents, for the rst time, electrospun NbC/C hybrid nanobers as a versatile precursor to derive either (1) NbC-CDC nanobers for high power, capacitive energy storage or (2) Nb 2 O 5 /C hybrid nanobers for high energy, battery-like energy storage. We will rst establish the synthesis process and optimum processing parameters, and then provide comprehensive material characterization. Supercapacitor performance was benchmarked in an organic electrolyte (1 M TEA-BF 4 in acetonitrile), and the battery-like system is investigated in 1 M LiClO 4 in ethylene carbonate/dimethyl carbonate electrolyte. The choice of different electrolytes was motivated by enabling high ion mobility for the supercapacitor system, while a large voltage stability window and lithium intercalation were needed for the battery-like system. A key feature of our system is the ability to directly use free-standing, binder-free nanober mats; hence, the need for a binder (i.e., dead mass) is eliminated, the possible blocking of pores by the polymer binder is avoided, and an improved electrical conductivity of the electrode can be obtained, as shown in our recent study.
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Experimental description
Materials synthesis
Niobium carbide/carbon hybrid nanobers were synthesized following a sol-gel synthesis, as described in our previous work. 40 Niobium n-butoxide (NbBO) (99% metal basis) was purchased from Alfa Aesar, while acetic anhydride (Ac 2 O) ($99% purity), anhydrous N,N-dimethylformamide (DMF) (99.8% purity), and polyvinylpyrrolidone (PVP) (M w z 1 300 000 g mol
À1
) were purchased from Sigma Aldrich. The spinning dope was prepared by mixing 9 mass% NbBO and 2 mass% Ac 2 O for 2 min. Then, 79 mass% of DMF (solvent) and 10 mass% of PVP (carrier polymer) were added. The spinning dope was stirred for 48 h prior to electrospinning, until a translucent solution was obtained. The ber mats were produced by electrospinning in a MECC nanober system. The solution was pumped at 0.5 mL h À1 through a spinneret (inner diameter: 400 mm), inductively charged at 23 kV. The bers were collected at a distance of 165 mm from the spinneret. The humidity and the temperature were maintained between 10 and 20% and 25 and 30 C.
Post spinning, the as-spun bers were exposed at room humidity for 72 h, to promote further hydrolysis and condensation reactions. Annealing was performed under 99.5% argon in a graphite heated furnace, Thermal Technology. The bers were heated at 5 C min À1 to 400 C for 3 h, and then heated to 1500 or 1700 C for 4 h for carbothermal reduction.
Synthesis of niobium carbide-derived carbon nanobers. The NbC/C bers pyrolyzed at 1500 C (NbC-1500) were used for carbide-to-carbon conversion. Chlorine gas treatment was carried out in a quartz tube furnace (Gero HTRH) which was constantly purged with Ar (50 cm 3 min
). NbC-1500 bers were heated at 15 C min À1 , until reaching the temperature of the treatment (400, 600, or 900 C), and treated with Cl 2 for 1 or 3 h (ow rate: 10 cm 3 min À1 ). A post annealing process with hydrogen gas (10 cm 3 min À1 ) was applied at 600 C for 3 h to remove residual chlorine species present in the sample. Then, the samples were cooled to room temperature. Synthesis of niobium pentoxide-carbon hybrid nanobers. The NbC/C bers pyrolyzed at 1700 C (NbC-1700) were used for carbide-to-oxide conversion. Two different oxidative atmospheres were studied, CO 2 and air. NbC-1700 bers were thermally annealed between 450 and 500 C in a VG Scienta GP-CVD tube furnace under synthetic air (ow rate: 50 cm 3 min
) at 5 C min À1 for 3 h. Thermal annealing under CO 2 (50 cm 3 min
) was done at 850 C in a Xerion XROTATE tube furnace at 5 C min À1 for 1 h.
Materials characterization
Structural and chemical characterization. The morphology of the bers was examined with a JEOL JSM 7500F eld emission scanning electron microscope (SEM). All samples were xed on steel sample holders with sticky carbon tape. The Nb 2 O 5 containing bers were coated prior to the imaging with a thin layer of platinum in a JEOL Autone Coater. ImageJ soware was used to process the SEM micrographs and diameters of at least 100 individual bers were measured. For high resolution analysis of the bers, a JEOL JEM-2100F high resolution transmission electron microscope (TEM) was employed at 200 kV. In the TEM, selected area electron diffraction (SAED) was carried out for the Nb 2 O 5 containing bers. TEM samples were prepared by sonicating the bers in ethanol for 3 min, and drop casting them on a carbon lm on a copper grid.
The composition of the bers was determined by energy dispersive X-ray spectroscopy (EDX) using an X-Max-150 detector from Oxford Instruments attached to the SEM chamber. The spectra of 10 bers were measured using an accelerating voltage of 10 kV, in uncoated bers attached to a sticky carbon tape. A silicon standard was used for standardization.
XRD diffractograms were recorded with a Bruker D8 Discover diffractometer using Cu Ka radiation (0.154 nm; without a monochromator) with a step size of 0.02 and a measurement time of 1-3 s per step. The system was calibrated with a corundum alumina standard. The samples were pestled and placed on a sapphire single crystal for the measurement. The full width at half maximum (FWHM) was measured by using EVA soware from Bruker. The values of the average coherence length (roughly corresponding with the domain size) were obtained using the Scherrer equation.
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Raman spectra were recorded with an InVia Raman system, from Renishaw, using a laser with 532 nm excitation wavelength and 0.5 mW power on the sample with a spectral resolution of ca. 1.2 cm À1 , using a 50Â objective (numeric aperture: 0.9). Peak analysis was performed by baseline correction and assuming four Voigt peak ttings between 500 and 2000 cm À1 . In situ Raman spectra were recorded during thermal treatment under synthetic air (heating rate 5 C min À1 ) by using a temperature controlled Linkam T95-HT heating stage. A laser with 532 nm excitation wavelength was used, which exposed the sample to a power of 0.5 mW at the focal point. Thermogravimetric analysis (TGA) was carried out in synthetic air or CO 2 with a heating rate of 5 C min À1 with a TG 209 F1 Libra system (Netzsch). Nitrogen gas sorption measurements were carried out at À196 C with an Autosorb iQ system (Quan- 43 the SSA and pore size distribution (PSD) were calculated assuming slit-shaped pores and pore sizes between 0.56 and 37.5 nm. The values of the total pore volume correspond to p/p 0 ¼ 0.95. The values of the mean pore size are volume-weighted. Thermodynamic calculations were carried out with FactSage 7.0 (GTT-technologies).
Electrochemical measurements. Electrochemical measurements were carried out with a potentiostat/galvanostat (VSP300 from Bio-Logic), using cyclic voltammetry (CV) and galvanostatic cycling with potential limitation (GCPL). The electrodes were tested in custom-built polyether ether ketone (PEEK) cells with spring loaded titanium pistons as a three electrode system. 8 mm diameter working electrode discs (1-2 mg, 80 mm thickness) were punched out of the free-standing ber mats. Activated carbon (type YP-50F, Kuraray Chemicals) with 5 mass% polytetrauoroethylene (PTFE) lms was used as a quasi-reference electrode. 44 Working and counter electrodes were separated by a 13 mm diameter glass-ber separator (GF/D from Whatman) and placed between 12 mm diameter carbon-coated aluminum current collectors (Zo 2653, Exopack technologies). Aer assembling, the cells were dried at 2 kPa, 120
C for 12 h.
Aer cooling down, the cells were placed in an argon glove box (MBraun Labmaster 130, O 2 and H 2 O < 1 ppm), and lled with the corresponding electrolyte. For electrochemical characterization of electrical double-layer capacitor cells, the performance of NbC-CDC electrodes was characterized in half-and symmetric full-cell setups employing 1 M tetraethylammonium tetrauoroborate (TEA-BF 4 ) in electrochemical grade acetonitrile (ACN) from BASF as the electrolyte. Half-cell tests were performed with an oversized activated carbon (AC) counter electrode (10 mm diameter, 15 mg mass; YP-80F from Kuraray Chemicals with 5 mass% PTFE). Symmetric full-cell tests used two NbC-CDC ber electrodes of the same mass. CVs were recorded at 10 mV s À1 scan rate in the potential range from À1.0 V to +1.0 V vs. carbon in half-cells and from 0 to +2.7 V cell voltage for fullcells. Galvanostatic cycling for half-cells was carried out from À1.0 V to +1.0 V vs. carbon at 2 A g À1 with a holding time of 10 min. The specic capacitance (C sp ) was calculated by integrating the discharge current between t 0 , the discharge starting time, and t, the end time of discharge, divided by U (voltage vs. carbon or applied cell voltage, for half-and full-cells, respectively) via eqn (1). 45 m corresponds to the mass of the CDC electrode for the half-cells, and for the full-cells it corresponds to the mass of both electrodes divided by four.
Rate handling was quantied with the IR drop corrected voltage measured aer 5 s resting time. Electrical impedance spectroscopy (EIS) was performed in the range of 100 kHz to 100 mHz at 0 V with 10 points per decade and averaged over 5 measurements. Performance stability tests were carried out in full-cells by galvanostatic cycling over 10 000 cycles to 2.5 V at 1 A g À1 .
For electrochemical characterization of battery-like cells, Nb 2 O 5 /C electrodes were characterized by using half-and asymmetric full-cell setups in 1 M lithium perchlorate (LiClO 4 ) in electrochemical grade ethylene carbonate (EC)/dimethyl carbonate (DMC) from Sigma-Aldrich (volume ratio 1 : 1). Half-cell tests were performed with an oversized AC counter electrode (10 mm diameter, 15 mg mass; YP-80F from Kuraray Chemicals with 5 mass% PTFE) and asymmetric full-cell tests by combining a Nb 2 O 5 /C hybrid electrode with an AC electrode (YP-80F with 5 mass% PTFE). Charge balancing for asymmetric full-cells was achieved by mass balancing, according to the capacity values obtained by half-cell measurements at 0.1 A g À1 .
The lower gravimetric capacity of the AC electrode compared to the Nb 2 O 5 /C electrode was compensated by using electrodes with different masses. The mass of the AC electrode was between 1.5 and 2.5 times higher than the mass of the Nb 2 O 5 /C electrode. The cell voltage was chosen in order to achieve a maximum potential of À2.0 V vs. carbon at the negative electrode (Nb 2 O 5 /C). For Nb 2 O 5 /C ber electrodes, CVs were recorded at 1 mV s À1 scan rate in the potential range from 0 to À2.0 V vs. carbon in half-cells and from 0 to +3.6 V cell voltage in full-cells. Rate handling for half-and asymmetric full-cells was carried out by GCPL, using the same potential ranges, from 0.1 to 40 A g À1 with a holding time of 10 min. Capacity (Q sp ) was calculated by integrating the discharge current between t 0 , the discharge starting time, and t, the end time of discharge, and normalized to the electrode mass, m, via eqn (2):
Performance stability tests were carried out by galvanostatic cycling over 5000 cycles from 0 to À2.0 V vs. carbon and 3.0 V cell voltage at 1 A g À1 for half-and asymmetric full-cells, respectively. Data from the electrodes with the best electrochemical performance for electrical double-layer capacitors or batterylike systems are presented in a Ragone plot. Using GCPL data of full-cells (asymmetric and symmetric), specic energy (E sp ) and specic power (P sp ) were calculated, using eqn (3) and (4), respectively, with U and I as the voltage and current applied to the full-cell, and M corresponds to the mass of both electrodes (positive and negative electrodes).
Results and discussion
Niobium carbide/carbon hybrid nanobers
We briey outline the important aspects of NbC/C hybrid nanober synthesis, which can be found in more detail in our previous work. 40 Using NbBO as the sol-gel precursor and PVP as the carrier polymer, we have established a facile synthesis route for hybrid nanobers with an average ber diameter of 69 AE 30 nm. This approach employs electrospinning to obtain free-standing ber mats, and thermal treatment yielding NbC/C hybrid nanobers via carbothermal reduction. The bers synthesized at 1700 C (NbC-1700) presented a higher crystallinity when compared to the bers synthesized at 1500 C (NbC-1500), with an NbC average domain size (i.e., XRD coherence length) of 65 nm compared to 38 nm, respectively.
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Also, at a higher pyrolysis temperature, carbon presented a higher degree of graphitization (see ESI, Fig. S1 †) . NbC/C bers were later evaluated as a versatile precursor to derive (1) NbC-CDC nanobers and (2) Nb 2 O 5 /C hybrid nanobers. To promote the carbide-to-carbon conversion, a lower degree of carbon ordering is preferred. 22 The graphitic carbon engulng the metal carbide crystals affects the reaction kinetics between Cl 2 and the NbC; therefore, longer Cl 2 treatment durations or higher synthesis temperatures will be needed for complete etching. To promote the carbide-to-oxide conversion without a complete loss of carbon, a higher degree of carbon ordering is desirable due to the higher stability in oxidizing atmospheres. 22 Therefore, NbC-1500 was chosen as the precursor for NbC-CDC, and NbC-1700 was preferable as the precursor for Nb 2 O 5 /C hybrid nanobers.
Niobium carbide-derived carbon nanobers
Material characterization. NbC-1500 bers were treated with chlorine gas at different temperatures and holding times. Aer Cl 2 treatment, a mass loss between 72 and 79 mass% was obtained, leaving behind mainly carbon. According to the EDX results (see ESI, Table S1 †), the starting precursor (NbC-1500) contained about 74 mass% of niobium, which, aer Cl 2 treatment, was almost completely removed (<1 mass%). The remaining niobium may be present as NbCl 5 trapped in the carbon structure or as very small residual NbC domains (ca. 2 nm), as shown by TEM micrographs at a few positions throughout the samples (see ESI, Fig. S2A †) .
No inuence on the morphology is observed as a function of the heat treatment parameters. The SEM micrographs of bers treated for 3 h (Fig. 1 ) and 1 h (see ESI, Fig. S3 †) show a mean ber diameter of around 61 AE 22 nm (see ESI, Fig. S2B †) . The conformal etching process during the CDC transformation is not expected to modify the macroscopic structure of the material, but rather the nanoporosity of the material (Fig. 1, inset) . 16 The TEM micrograph of the sample aer 3 h holding time at 400 C shows mesopores, which at higher temperatures become more organized, leading to a more densied ber structure. A better understanding of the inuence of the treatment conditions on the carbon structure is achieved by the analysis of the Raman spectra and XRD patterns (Fig. 2) . The data of samples treated for 1 h are presented in the ESI (see Fig. S4 †) .
To understand these data, we have to consider the presence of two different carbon species: (1) carbon formed during pyrolysis at 1500 C and present in NbC/C hybrid nanobers and (2) carbide-derived carbon formed between 400 and 900 C via chlorine gas treatment of NbC nanocrystals. The latter co-exists in NbC-CDC nanobers in addition to the carbon formed at 1500 C, because the CDC synthesis process does not remove initially formed carbon. 16 All Raman spectra ( Fig. 2A ) present two characteristic peaks for sp 2 -hybridized carbon, the D-and G-modes at around 1340 and 1600 cm À1 related to sp 2 -hybridized carbon atoms in rings and the presence of defects in this structure. 46 Additionally, we see the corresponding combination and overtone modes between 2500 and 3500 cm À1 . The position of the G-mode is shied from 1603 to 1597 cm À1 when increasing the synthesis temperature from 400 C to 900 C, due to the successive transformation from nanocrystalline into larger graphitic structures. 46 This graphitization correlates well with the decrease in the intensity of the amorphous carbon phase (1500-1550 cm À1 ) with increasing temperature.
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For the analysis of the different carbon phases, a four Voigt peak deconvolution was applied to the Raman data (see ESI, Fig. S5 †) . At 400 C the I D /I G ratio (i.e., the intensity ratio of the D-and G-mode peaks) is similar to that of the precursor (see ESI, Table S2 †) . At this temperature graphitic carbon, preserved from NbC-1500, co-exists with new partially amorphous/nanocrystalline CDC. At 600 C, the grain size of nanocrystalline CDC increases proportionally to the defect concentration in hexagonal carbon rings (higher I D /I G ratio). 46 By treatment at 900 C, the domains exceed a specic size (around 2 nm), 46 leading to graphitic carbon with less defects (lower I D /I G ratio). The successive transformation from amorphous into graphitic carbon is further supported by the sharpening of the D-mode FWHM from 96.2 AE 0.8 cm À1 to 82.8 AE 3.6 cm À1 when increasing the synthesis temperature from 400 to 900 C.
XRD data (Fig. 2B) The pore structure of the material was analyzed before and aer Cl 2 treatment by nitrogen gas sorption analysis (Fig. 2C and  D) . NbC-1500 presents a type I(b) isotherm, 49 with mainly micropores with an average size of 1.2 nm. With non-porous NbC nanocrystals, this porosity is completely accomplished by microporous carbon in the hybrid nanobers. Aer Cl 2 treatment, the surface area is drastically increased from 120 m 2 g À1 to maximum 1370 m 2 g À1 (DFT SSA) and the pore volume from 0.06 cm 3 g À1 to 1.0 cm 3 g À1 ( Table 1 ). The removal of Nb from the NbC crystal lattice at 400 C for 1 h led to the formation of microand meso-pores (below 3 nm; see ESI, Fig. S4D †) , with a mean pore size of 1.8 nm. At 600 C for 1 h, more micropores are formed (below 2 nm), related to a higher amount of Nb etching compared to that at 400 C, and a mean pore size of 1.1 nm was obtained. At a higher temperature (900 C for 1 h) the redistribution of carbon slightly increases the mean pore size (1.2 nm). The isotherms aer treatment for 1 h correspond to a type I(b) isotherm, with mainly micropores (see ESI, Fig. S4C †) . 49 When increasing the time to 3 h, all the isotherms become type II because of pore growth, while maintaining a type I(b) shape at low pressures. The change to the type II isotherm comes with an H4 hysteresis loop related to capillary condensation 49 and a broader distribution of mesopores. The increase in the pore size when increasing the synthesis time leads to a decrease in the surface area and an increase in the pore volume (Table 1) .
Electrochemical performance. For electrochemical evaluation of CDC nanobers (treated for 3 h), a half-cell setup was initially used. For comparison, the electrochemical performance of samples treated for 1 h is presented in the ESI (Fig. S6 †) . The measured cyclic voltammograms (Fig. 3A) show the overall rectangular shape, which is characteristic of electric double-layer capacitance. 5 We also see an increase of the capacitance when the voltage is increased. This well-known effect is related to electrochemical doping. 50 The data presented in Fig. 3B depict the difference in specic capacitance at positive or negative polarization, that is, anion or cation electrosorption. For example, it is observed that for CDC-600-1 the capacitance at negative and positive polarization corresponds to 87 and 108 F g 
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Full-cell performance was evaluated by cyclic voltammetry and galvanostatic cycling. The CVs (Fig. 3C) Table 2 ). The highest capacitance was achieved for the samples synthesized at 600 C (101-108 F g À1 for 1-3 h of chlorine gas treatment;
see Fig. 3D and Table 2 ). When increasing the specic current to 0.1 A g À1 , most of the samples present a decrease in capacitance between 10 and 20%. CDC-900-3, which presents a larger mean pore size (2.6 nm), maintained at 0. electrochemical performance and energy storage capacity of NbC-CDC-600 in an organic electrolyte are good, as seen from Table 3 . Compared to commercial electrodes (AC + 5% PTFE), NbC-CDC-600 presents similar capacitance values (104 F g À1 ),
but a superior capacitance retention above 10 A g À1 related to the excellent charge propagation in the continuous ber network.
To further characterize the electrochemical behavior, impedance spectroscopy (EIS) was carried out for full-cells (Fig. 3E) . As seen from the inset in Fig. 3E , the evolving semicircle correlates with a high contact resistance between the bers and the current collector. Compared to free-standing polymer-bound carbon electrodes, ber electrodes are less smooth at the interface with the current collector, which is why an additional contact impedance arises.
18,53 At very low frequencies, the constant phase element (CPE) is close to 1 with values from 0.89 to 0.97 indicative of a near-ideal capacitive behavior (Table 2) . 53 Furthermore a direct correlation between the degree of carbon ordering, the pore structure, and the rate handling performance (Table 2) is observed. The samples with the highest degree of carbon ordering lead to the lowest equivalent serial resistance (ESR), namely the samples Cl 2 treated at higher temperatures and times, CDC-600-3, CDC-900-1 and CDC-900-3 (43-53 U cm 2 ). The stability of the system was benchmarked by galvanostatic cycling ( Table 2) . Most of the samples retain more than 80% of the initial capacitance aer 10 000 charge/discharge cycles. The only exception is CDC-400-3 with a capacitance loss . Full-cell measurements using (C) cyclic voltammetry at 10 mV s
À1
of 24%. The highest capacitance retention was found for CDC-600-1 (91%) and CDC-900-1 or CDC-900-3 (90-92%). This enhanced stability may be related to the lower content of oxygen containing functional groups (Table S1 †) . in either CO 2 or O 2 atmospheres. Depending on the degree of ordering, we expect for nanoporous carbon an onset of oxidation at around 400-650 C. 22 From the literature, we would expect an initial onset of NbC oxidation at around 450 C in O 2 . 54 Thus, the challenge is to nd suitable conditions at which NbC is effectively oxidized to Nb 2 O 5 without completely oxidizing solid carbon.
To identify the most suitable processing parameters, we employed thermogravimetric analysis. In CO 2 at 5 C min À1 , we see an onset of mass increase at 720 C, reaching a maximum at 950 C (+12%). Further temperature increase resulted in a progressing mass loss associated with the burn-off of carbon. In this range of temperatures, T-Nb 2 O 5 formation is expected 36, 55 as the only crystalline phase in co-existence with carbon. Therefore, 850 C was selected as the preferred temperature for treatment under CO 2 to produce the hybrid material. Using synthetic air, the volatilization of carbon occurs at lower temperatures, at around 500 C (see ESI, Aer treatment under CO 2 (850 C) or air (450 and 500 C), the sample mass increased between 7 and 38% (Table 4 ). Yet, the nanober morphology was fully maintained, as seen from the SEM micrographs in Fig. 4 . Image analysis documents an increase in the average ber diameter by 55% (87 AE 25 nm; see ESI, Fig. S8 †) , related to the difference in density between NbC and Nb 2 O 5 (7.8 and 4.6 g cm
À3
, respectively). 57 In the TEM micrographs (Fig. 4A, inset) , only highly amorphous material was identied for the samples synthesized in air at 450 C. The corresponding SAED pattern conrms the highly disordered nature of the material at 450 C. Nanocrystalline TT-Nb 2 O 5 domains emerge when using a higher synthesis temperature (500 C) while the majority of the diffraction signal is still indicative of a highly amorphous material. Higher temperatures are required to obtain a well-developed TT-Nb 2 O 5 crystal structure. However, at 500 C, already a strong oxidation of carbon takes place as observed from the change in the carbon content according to the EDX data (Table 4) . Therefore, a less oxidative environment was chosen in alignment with theoretical calculation, namely thermal treatment in CO 2 (see ESI, Fig. S7A †) . At 850 C, TEM micrographs show Nb 2 O 5 nanocrystals engulfed in graphitic carbon (Fig. 4C) . The corresponding SAED pattern is characteristic of a highly crystalline material, with diffraction patterns falling into almost continuous rings related to T-Nb 2 O 5 .
For a more detailed characterization of the crystal structure of the synthesized materials, XRD patterns and Raman spectra were recorded (Fig. 5) . All Raman spectra indicate the presence of partially graphitic carbon in all samples. Yet, the carbon signal was very high for NbC-1700 and almost identical to that of Nb 2 O 5 -850. The apparent absence of clear signals from crystalline niobia in Nb 2 O 5 -850 is related to the very high sensitivity of Raman spectroscopy to detect sp 2 -hybridized carbon species. 58 In contrast, the TT-Nb 2 O 5 signal and the uorescence-related background were stronger aer oxidation in air. Yet, there are differences also related to the carbon signal as seen aer peak deconvolution (see ESI, Table S3 †). For Nb 2 O 5 -450, we found broader D-and G-peaks compared to the precursor and an overall increase in the amount of amorphous carbon (see ESI, Fig. S9 †) as a result of on-setting carbon oxidation. The high uorescence background for Nb 2 O 5 -500 made peak deconvolution unreliable, but there was still a redshi of the G-mode peak from 1599 to 1584 cm À1 due to the co-existing amorphous phase. According to the mass change during the process and EDX results (Table 4) , the carbon content drastically decreased for this sample. According to the XRD pattern (Fig. 5B) , NbC is transformed aer treatment in an oxidative atmosphere into a highly amorphous material for The observed peaks are related to the electron transfer resulting from lithium intercalation according to the reaction in eqn (5) 
By GCPL to À2.0 V vs. carbon, the rate handling was evaluated for half-cells (Fig. 6B) In order to benchmark Nb 2 O 5 /C hybrid nanobers as a cathode (electrode at negative potentials) in a device, asymmetric full-cell tests were performed (Fig. 6C and D) . As an anode (electrode at positive potentials), a charge balanced AC electrode was used. This set-up has demonstrated to improve the performance of the full-cell, by limiting the polarization resistance. 31, 59 For the CVs at 1 mV s À1 , shown in Fig. 6C , a maximum applied cell voltage of 3.6 V was used, which was expected to lead to an appropriate operating potential range for positive and negative electrodes. For asymmetric full-cells, the different charge-voltage-behavior of the two electrodes led to asymmetric voltage development at the anode and cathode. Therefore, the voltage in each electrode was recorded by using an activated carbon spectator reference electrode (see ESI, Fig. S10B and C †). According to the CV (Fig. 6C) Fig. S10B †) . The performance of full-cells was further characterized by GCPL to 3.6 V at 0.1 A g À1 (Fig. 6D) Cycling stability tests were performed in half-and full-cell congurations (Fig. 6E) . Aer 5000 cycles, Nb 2 O 5 -850 retained 64% and 71% of the capacity, in half-and full-cell setups, respectively. For Nb 2 O 5 -850, the lower stability of half-cells is related to the higher voltage (À2.0 V for half-cells; 3.0 V for fullcells) and the high stability of the positive material, AC. For Nb 2 O 5 -500, 51% of the capacity was retained for the half-cell, while for the full-cell, 56% was maintained. The lower stability is related to the low order of crystallinity of the TT-Nb 2 O 5 .
The materials with the best electrochemical performance for electrical double-layer capacitors and battery-like systems are plotted in the Ragone plot (Fig. 6F) . CDC-600-3 presents high power handling, maintaining a specic energy of 7. Fig. S11 †) . 
Conclusions
We demonstrated the suitability of NbC/C hybrid nanobers as a versatile precursor for synthesizing electrode materials for both EDLCs and battery-like systems. Optimized EDLC electrodes were fabricated by chlorine treatment of NbC/C nanobers at 600 C in order to obtain a maximum pore volume of 1 cm 3 g À1 and a DFT-SSA of 1369 m 2 g
À1
. According to the electrochemical performance, due to the highly accessible pore structure, an efficient use of the surface leads to a maximum specic energy of 19.5 W h kg À1 and 7.6 W h kg À1 for a maximum specic power of 30 kW kg À1 in a full-cell cong-uration. The high specic power was accomplished due to the continuous path for electron propagation and the high graphitization of the carbon structure. to the full electrode mass. This value is higher than the values reported in the literature for electrode capacity, since no polymer binder or conductive additive was added to the system. The rapid ion transport characteristic of the T-Nb 2 O 5 and the coexistence of a continuous graphitic carbon phase led to an outstanding capacity retention of 50% at a high rate of 10 A g
(64 C-rate) in the battery-like system. The electrochemical performance is further highlighted by the superior stability over 5000 discharge cycles (64% retention). The combination of Nb 2 O 5 /C and AC in an asymmetric full-cell setup led to a specic energy of 86 W h kg À1 , which is among the best values reported for a hybrid full-cell. Further optimization steps of this promising system will involve enhanced engineering of the synthesis setup. For example, by use of the same furnace for pyrolysis and either chlorine gas treatment or CO 2 annealing, the synthesis process can be simplied. Further adaptations of our work may also involve the use of niobium carbide nanopowder instead of electrospun mats. While this may come at the expense of lowered power handling due to the loss of the free-standing and binder-free feature of our electrospun mats, we see possibilities for cost reduction by the use of powder materials. 
